Introduction
The glomerulus is the main filtration barrier of the human body. Podocytes, which are terminally differentiated epithelial cells in the glomerulus, play a major role in the maintenance of this renal filtration barrier. Podocyte injury is implicated in many glomerular diseases, including focal segmental glomerular sclerosis (FSGS) and HIV-associated nephropathy (HIVAN) (1). In many of these conditions, the podocyte loses specific markers of differentiation, undergoes effacement of foot processes and eventual detachment, and loses the functional capacity to maintain the glomerular filtration barrier (2) .
Mitochondrial injury has been implicated in glomerular disease. Initial studies revealed altered expression of mitochondrial genes and mitochondrial dysfunction in acquired and congenital human nephrotic syndrome (3, 4) . Furthermore, collapsing FSGS has been associated with mitochondrial injury with inherited mutations in genes encoding for mitochondrial function (5) . Most recently, maintenance of the mitochondrial genome was shown to be critical for preventing FSGS in a murine model of adriamycin-induced (ADR-induced) podocyte injury (6) . However, the mechanisms mediating the regulation of the mitochondrial injury in podocytes have yet to be characterized.
Krüppel-like factors (KLFs) are a subclass of zinc finger family of DNA-binding transcriptional regulators that are involved in a broad range of cellular processes (i.e., cell differentiation, angiogenesis, and erythropoiesis) (7) . Studies have revealed a novel role of KLFs in podocyte injury (8, 9) . Recently, we identified the critical role of KLF15 in attenuating podocyte dedifferentiation in HIVAN (9) . To explore the potential role of other KLFs in podocyte injury, we began by examining the expression profile of KLF transcripts in HIV-1-infected podocytes. We observed a significant reduction in KLF6 expression in HIV-1-infected human podocytes and in two independent models of podocyte injury. In addition, KLF6 expression was markedly reduced in human glomerular disease. Finally, podocyte-specific loss of Klf6 renders the kidney susceptible to mitochondrial dysfunction, resulting in activation of intrinsic apoptotic pathways and eventually glomerulosclerosis.
Results

KLF6 expression is reduced in HIV-1 transgenic mice.
Since we recently identified the critical role of KLF15 in attenuating podocyte dedifferentiation in HIV-1-infected podocytes, we examMaintenance of mitochondrial structure and function is critical for preventing podocyte apoptosis and eventual glomerulosclerosis in the kidney; however, the transcription factors that regulate mitochondrial function in podocyte injury remain to be identified. Here, we identified Krüppel-like factor 6 (KLF6), a zinc finger domain transcription factor, as an essential regulator of mitochondrial function in podocyte apoptosis. We observed that podocyte-specific deletion of Klf6 increased the susceptibility of a resistant mouse strain to adriamycin-induced (ADR-induced) focal segmental glomerulosclerosis (FSGS). KLF6 expression was induced early in response to ADR in mice and cultured human podocytes, and prevented mitochondrial dysfunction and activation of intrinsic apoptotic pathways in these podocytes. Promoter analysis and chromatin immunoprecipitation studies revealed that putative KLF6 transcriptional binding sites are present in the promoter of the mitochondrial cytochrome c oxidase assembly gene (SCO2), which is critical for preventing cytochrome c release and activation of the intrinsic apoptotic pathway. Additionally, KLF6 expression was reduced in podocytes from HIV-1 transgenic mice as well as in renal biopsies from patients with HIV-associated nephropathy (HIVAN) and FSGS. Together, these findings indicate that KLF6-dependent regulation of the cytochrome c oxidase assembly gene is critical for maintaining mitochondrial function and preventing podocyte apoptosis.
Krüppel-like factor 6 regulates mitochondrial function in the kidney changes observed by light and electron microscopy is shown in Table 1 . Podocyte injury was further confirmed with a loss of key podocyte differentiation markers, Nephrin and Podocin, in the ADRtreated Podocin-Cre Klf6 fl/fl mice as compared with all other groups (Supplemental Figure 2 , A and B). Taken together, these findings highlight that Klf6 is required to prevent podocyte injury and eventual glomerulosclerosis in the setting of ADR treatment.
Podocyte-specific Klf6-knockout mice exhibit mitochondrial injury with ADR treatment. Prior studies have suggested that ADR-induced mitochondrial damage plays a major role in cellular injury in several other tissues (11) (12) (13) (14) . Similarly, ultrastructural examination of the podocyte cell bodies revealed dysmorphic mitochondria in the ADR-treated Podocin-Cre Klf6 fl/fl mice as compared with ADR-treated Podocin-Cre Klf6 +/+ mice ( Figure 5 , A and B). Promoter analysis was subsequently performed to assess whether transcriptional binding sites for KLF6 exist in the proximity of genes involved in mitochondrial function. TRANSFAC (15) promoter analysis revealed eight potential KLF6 binding sites in the cytochrome c oxidase assembly gene (SCO2) ( Table  2 ). We initially confirmed that putative binding sites for KLF6 are present along the promoter region of SCO2 using ChIP followed by quantitative RT-PCR in cultured human podocytes ( Figure 6A ). Podocytes from ADR-treated Podocin-Cre Klf6 fl/fl mice exhibited a significant reduction in Sco2 mRNA expression as compared with podocytes from ADR-treated Podocin-Cre Klf6 +/+ mice ( Figure 6B ). Similarly, SCO2 expression was significantly ined the level of other KLFs in human HIVAN by measuring the expression profile of KLFs known to be expressed in epithelial cells ( Figure 1A ). In comparison to WT human podocytes, KLF6 expression was significantly reduced in HIV-1-infected podocytes ( Figure 1A , inset). We confirmed that KLF6 expression was reduced in HIV-1 transgenic (Tg26) mice as compared with WT mice (FVB/N background) ( Figure 1 , B and C). These findings suggest that a loss of KLF6 may play a critical role in the podocyte injury observed in HIVAN.
Podocyte-specific loss of Klf6 increases susceptibility to ADRinduced nephropathy. To assess whether the loss of Klf6 in podocytes results in podocyte injury and subsequent glomerulosclerosis, Klf6 was specifically knocked down in podocytes using the Cre-loxP recombination system. Figure  2 , A and B). These findings were confirmed with colocalization of KLF6 with WT1, a known podocyte marker ( Figure 2C ). All mice were viable and fertile. Podocin-Cre Klf6 fl/fl mice exhibited a 3.5-fold increase in albuminuria as compared with Podocin-Cre Klf6 +/+ mice (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI77084DS1), but no overt histological evidence of glomerulosclerosis or tubulointerstitial disease was observed (Supplemental Figure 1B) .
Prior studies have demonstrated that C57BL/6 mice are resistant to ADR-induced FSGS, unless they harbor mutations that are critical to the maintenance of the mitochondrial genome (6, 10) . However, transcription factors regulating this process have yet to be identified. Therefore, we used the ADR model specifically on a resistant C57BL/6 background to determine whether the loss of Klf6 increased the susceptibility to podocyte injury, leading to FSGS. ADR-treated Podocin-Cre Klf6 fl/fl mice exhibited a significant increase in albuminuria ( Figure 3A) , podocyte hyperplasia, segmental glomerulosclerosis, interstitial inflammation, and tubular casts with cystic dilatation as compared with ADR-treated Podocin-Cre Klf6 +/+ mice ( Figure 3B ). In addition, electron microscopy revealed significant podocyte foot process effacement, podocyte hypertrophy, and microvillus transformation in the ADR-treated PodocinCre Klf6 fl/fl mice as compared with the ADR-treated Podocin-Cre Klf6 +/+ mice ( Figure 4 ). The quantification of these morphological Figure 3, A and B) . Taken together, these data suggest that Klf6 is required for the maintenance of mitochondrial function and preventing podocyte injury in the setting of ADR exposure.
KLF6 is required to protect podocytes from ADR-induced mitochondrial injury. In order to assess Klf6 expression pattern and activity in podocytes exposed to ADR, podocytes isolated from WT mice were treated with and without ADR in primary culture for 12 hours. We observed a significant increase in Klf6 mRNA expression in ADR-treated podocytes as compared with untreated podocytes in culture ( Figure 7A ). Similarly, a significant increase in KLF6 expression was observed in ADR-treated WT mice as compared with untreated mice ( Figure 7B ). Additionally, KLF6 protein expression was significantly increased within 6 hours of ADR exposure in cultured human podocytes ( Figure 7C ). reduced in ADR-treated Podocin-Cre Klf6 fl/fl mice as compared with all other groups ( Figure 6C ). SCO2 is a mitochondrial membrane-bound metallochaperone critical to the transport of copper atoms to cytochrome c oxidase (COX) subunits I and II; therefore, it is essential for the assembly of the catalytic core of the COX complex (16, 17) . Using antibodies specific for COX subunit II (MT-CO2), we observed that MT-CO2 is expressed in the glomerular compartment ( Figure 6D ). Furthermore, we determined that MT-CO2 expression was significantly reduced in ADR-treated Podocin-Cre Klf6 fl/fl mice as compared with ADRtreated Podocin-Cre Klf6 +/+ mice ( Figure 6D Real-time PCR, using primers for KLF4, KLF5, KLF6, KLF7, KLF10, KLF11, KLF13, KLF15, and KLF16, was performed using RNA isolated from WT and HIV-1-infected human podocytes. Inset: Relative mRNA expression for KLF6 (n = 4). Mann-Whitney U test, *P < 0.05. (B) Age-and sex-matched 6-week-old HIV-1 transgenic mice (Tg26) and WT mice on the FVB/N background were used to assess KLF6 expression in the glomeruli. Western blot analysis was performed on the glomerular lysates from WT and Tg26 mice for KLF6 and GAPDH. A representative blot of six independent experiments is shown in the top panel. The bottom panel shows the quantification of KLF6 by densitometry (n = 6). Mann-Whitney U test, *P < 0.05. (C) The top panel shows representative images of immunohistochemistry for KLF6 in kidney sections from WT and Tg26 mice (n = 8 mice) (original magnification, ×20). Bottom panel: 30 glomeruli were selected in each mouse, and the intensity of KLF6 expression was quantified in the glomerular region (n = 8 mice). Unpaired t test, ***P < 0.001. Additionally, merely the knockdown of KLF6 shifted the morphology of the mitochondria from a tubular pattern to an intermediate pattern ( Figure 8E ). To assess whether the reintroduction of KLF6 can rescue the cells from mitochondrial injury, LentiORF-KLF6 was transiently transfected in EVshRNA-KLF6 human podocytes (Supplemental Figure 4C ). Subsequent restoration of KLF6 in shRNA-KLF6 podocytes prevented mitochondrial fragmentation and preserved the tubular structural pattern of the mitochondria ( Figure 8F ). Combined, these findings suggest that KLF6 is an early inducible injury response gene, critical to the maintenance of mitochondrial function upon injury. KLF6 mediates apoptosis in the setting of ADR treatment. ADR has been previously shown to activate intrinsic apoptotic pathways in other models of tissue injury (18) (19) (20) ; we showed that a loss of KLF6 increased the susceptibility to ADR-induced mitochondrial injury. Therefore, we hypothesized that a loss of KLF6 would result in the activation of intrinsic apoptotic pathways with ADR treatment. Initially, we observed that shRNA-KLF6 podocytes exhibited a significant increase in apoptotic bodies with ADR treatment ( Figure 9A ). This increase in apoptotic cells was quantified using flow cytometry with annexin V and propidium iodide labeling ( Figure 9B ). Furthermore, we demonstrated that release Immunostaining for KLF6 with and without ADR treatment at 12 hours confirmed the increase in KLF6 expression ( Figure 7D ), suggesting that KLF6 is an early inducible gene. Since KLF6 activity is initially increased with ADR exposure in podocytes and the loss of Klf6 in podocytes increased the susceptibility to ADR-induced podocyte injury, we hypothesized that KLF6 is required to protect podocytes from ADR-induced mitochondrial injury. To evaluate this, we first generated human podocytes with stable knockdown for KLF6 (Supplemental Figure 4A ). As compared with WT human podocytes, the loss of KLF6 resulted in a decrease in mitochondrial membrane potential ( Figure 8A ). Since SCO2 was shown to be a transcriptional target of KLF6, we measured SCO2 expression in this model. SCO2 expression was significantly reduced in shRNA-KLF6 podocytes treated with or without ADR ( Figure  8B ). Furthermore, shRNA-KLF6 podocytes exhibited a significant reduction in ATP activity and oxygen consumption rate with ADR treatment ( Figure 8 , C and D). In addition, mitochondrial biomass was not significantly different between the groups (Supplemental Figure 4B ), suggesting that the loss in mitochondrial function was not a result of reduced mitochondrial number. We also observed that the shRNA-KLF6 podocytes exhibited an increase in mitochondrial fragmentation with ADR treatment ( Figure 8E ). with both groups on the FVB/N background ( Figure 10A ). These findings were confirmed by immunostaining for SCO2 in glomeruli from WT and Tg26 mice (FVB/N background) ( Figure 10B ). These data suggest that KLF6 is required for the maintenance of SCO2 in the setting of injury. Since KLF6 binding sites are present in the promoter region of SCO2 and the loss of KLF6 activates the intrinsic apoptotic pathway under stress, we suspected that SCO2 is a downstream target of KLF6 and is essential to mitochondrial stability and preventing the release of cytochrome c. To ascertain this, we first generated human podocytes with transient knockdown of SCO2 ( Figure 10C ). The transient knockdown of SCO2 resulted in increased cleaved caspase-9 levels ( Figure 10C ). As compared with WT human podocytes, shRNA-SCO2 podocytes exhibited a substantial release in cytochrome c from the mitochondria, as shown by an increase in the diffuse pattern of cytochrome c staining ( Figure 10D ). Taken together, these data suggest that SCO2 is a critical downstream target of KLF6-mediated mitochondrial regulation.
KLF6 expression is reduced in human FSGS. To ascertain the role of KLF6 in human glomerulopathy, immunohistochemistry was performed on renal biopsy specimens from healthy donor nephrectomies, HIVAN, and noncollapsing idiopathic FSGS. We observed that the staining for KLF6 had a nuclear distribution in the normal podocytes and parietal epithelial cells, with a nuclear and cytosolic distribution in tubular cells ( Figure 11A , healthy donor). The staining also revealed a significant decrease in KLF6 expression in HIVAN and noncollapsing FSGS as compared with healthy donor nephrectomies ( Figure 11A ). Since KLF6 is a ubiquitous transcription factor expressed in majority of the compartments in the kidney, colocalization using KLF6 and WT1 (a known nuclear-distributed podocyte marker) was performed to determine whether the reduction in KLF6 expression is specific to of cytochrome c was substantially increased in shRNA-KLF6 podocytes exposed to ADR ( Figure 9C ). In addition, we observed a significant increase in cleaved caspase-9 and cleaved caspase-3 levels with a decrease in procaspase-3 expression in shRNA-KLF6 podocytes treated with ADR ( Figure 9D ).
To assess whether the preservation of KLF6 prevents the activation of caspases, we first generated human podocytes with stable overexpression of KLF6 (LentiORF-KLF6) ( Figure 9E ). The overexpression of KLF6 in podocytes contributed to a significant increase in SCO2 and procaspase-3 expression, with a reduction in cleaved caspase-3 levels, in the setting of ADR treatment (Figure 9E ). We observed a reduction, albeit not statistically significant, in cleaved caspase-9 levels in LentiORF-KLF6 as compared with LentiORF-control human podocytes. Combined, these data suggest that KLF6 prevents the ADR-induced activation of the intrinsic apoptotic pathway.
SCO2, a downstream target of KLF6, is critical to the prevention of mitochondrial injury. To confirm that SCO2, a critical downstream target of KLF6, is reduced in other models of podocyte injury, we used the HIV-1 transgenic mice model. We initially observed a decrease in KLF6 expression in HIV-1-infected human podocytes and in HIV-1 transgenic (Tg26) mice. We also demonstrated that SCO2 expression was reduced in the shRNA-KLF6 podocytes and in the glomeruli of Podocin-Cre Klf6 fl/fl mice ( Figure 6C and Figure 8B) . Similarly, Sco2 mRNA expression was reduced in primary podocytes isolated from Tg26 mice as compared with WT mice, +/+ mice were treated with ADR at 12 weeks of age. All mice were sacrificed, and renal cortex was fixed for histology 5 weeks after ADR treatment. Electron microscopy was performed to assess ultrastructural changes in podocyte morphology (top panels: original magnification, ×3,000; bottom panels: original magnification, ×10,000). Representative images are shown from four mice in each group. Red arrows indicate the change in podocyte foot process morphology. Red asterisks show microvillus transformation. Figure  11B ). Quantification of immunostaining in podocytes confirmed the decrease in KLF6 expression ( Figure 11C ). Furthermore, the specificity of the KLF6 staining was confirmed by utilizing a peptide block with the immunizing peptide (Supplemental Figure 5 ). Collectively, with the rest of our findings, these data suggest that KLF6 expression is reduced in human FSGS, contributing to podocyte injury observed in FSGS.
Discussion
Several studies have characterized the critical role of mitochondrial dysfunction in podocytopathy. However, transcriptional regulators mediating the effects of mitochondrial dysfunction in podocyte injury have yet to be characterized. A recent study by Papeta et al. (6) has identified that the maintenance of the mitochondrial genome is essential in preventing ADR-induced FSGS.
Here, we identify that KLF6 is a critical mediator of ADR-induced mitochondrial dysfunction in podocytes. This was demonstrated by the following: (a) podocyte-specific loss of Klf6 resulted in ADR-induced FSGS in a resistant mouse strain (C57BL/6) and (b) shRNA-mediated KLF6 knockdown in human podocytes resulted in mitochondrial dysfunction, as measured by reduced expression of mitochondrial transcripts, mitochondrial fragmentation, ATP levels, and oxygen consumption rate. In addition, we determined that KLF6 is an early inducible injury response gene and it is critical for the prevention of the ADR-induced mitochondrial injury in podocytes. Furthermore, we showed that KLF6 is required to prevent the activation of ADR-mediated intrinsic apoptotic pathway in podocytes. Finally, we confirmed that the podocyte expression of KLF6 is reduced in a murine model of HIVAN and in human HIVAN and FSGS. Although the podocyte-specific loss of Klf6 resulted in minimal podocyte injury at baseline, these mice developed FSGS with ADR treatment on a resistant C57BL/6 background. In combination with the early increase in KLF6 expression observed with ADR treatment, this suggests that KLF6 is an early inducible injury response gene that may serve to protect podocytes from injury. Recently, we published that KLF15 is a critical transcriptional regulator of podocyte differentiation (21) . Furthermore, KLF4 was found to play a critical role in regulating mitochondrial fusion proteins in vascular smooth muscle differentiation (22) . In addition, paralogs of KLF1 (specificity proteins) have been shown to transcriptionally regulate cytochrome c subunit genes in primary neurons (23) . Future studies will focus on the potential interactions between these other KLFs in mediating mitochondrial function with KLF6 in the setting of podocyte injury.
A few transcription factors have been associated with podocyte apoptosis in recent years, including FOXO4 and NF-κB (24, 25) . However, none of these have been implicated in mitochondrial dysfunction leading to activation of apoptosis and eventual podocyte injury. To date, KLF6 is, to our knowledge, the first transcription factor that is critical to the maintenance of the mitochondrial structure and function, and in preventing apoptosis in the setting of cell stress.
Analysis of the promoter region of the COX assembly (SCO2) gene revealed several potential binding sites for KLF6. SCO2 is an inner mitochondrial membrane metallochaperone critical to the transport of copper ions. In fact, missense mutations in SCO2 have been found to cause fatal hypertrophic cardiomyopathy with encephalopathy (26, 27) . We observed that SCO2 is a critical downstream target of KLF6-mediated mitochondrial function, in which a loss of SCO2 resulted in the activation of the intrinsic apoptotic pathway. In normal conditions, we hypothesize that in the early phase of ADR treatment (i.e., early cell stress), the upregulation of KLF6 results in the activation of SCO2, thereby abrogating mitochondrial injury and protecting the cell from injury. Nonetheless, we recognize that KLF6 may also regulate other genes involved in the activation of the intrinsic apoptotic pathway and mitochondrial injury. Although ADR has typically been observed to activate the intrinsic apoptotic pathway leading to tissue damage (19, 20) , the potential crosstalk between the extrinsic and intrinsic pathway in the setting of KLF6 depletion has to be further explored. Future studies will also need to determine the interaction between KLF6 and protein kinase, DNA-activated, catalytic peptide (PRKDC), a mice were treated with ADR at 12 weeks of age. All mice were sacrificed, and renal cortex was fixed for histology 5 weeks after ADR treatment. (A) Electron microscopy was performed to assess ultrastructural changes in the mitochondria of the podocyte cell body (top panels: original magnification, ×50,000; bottom panels: original magnification, ×75,000). Representative images are shown from six mice in each group. Red arrows show elongated mitochondria with preserved cristae and membrane. Red arrowheads show the loss of cristae and the loss of elongated morphology in the mitochondria. (B) To quantify dysmorphic mitochondria, a total of 100 mitochondrial podocytes per mouse were selected from each group to identify the percentage of mitochondria with a focal loss of visible cristae, clustering of residual cristae at the peripheral mitochondrial membrane, and length of <2 μm (n = 4 mice). Unpaired t test, ***P < 0.001. jci.org Volume 125 Number 3 March 2015
nuclear DNA repair protein recently discovered to be critical to the maintenance of the mitochondrial genome in ADR-induced FSGS (6) . Alternatively, KLF6 may also participate in maintaining the mitochondrial structure and function in response to DNA damage. Therefore, we expect a wide range of future studies to decipher the precise molecular mechanism mediating the interaction between KLF6 and maintenance of mitochondrial structure and function. We also confirmed that podocyte-specific expression of KLF6 was markedly reduced in renal biopsies from patients with HIVAN and FSGS, suggesting that a loss of KLF6 expression may contribute to the podocyte injury observed in glomerular disease. Although podocyte depletion occurs in FSGS, the ratio of KLF6 + WT1 + cells to WT1 + cells is suggestive of reduced KLF6 expression independent of podocyte loss. In addition, our immunohistochemistry studies are suggestive of reduced KLF6 expression in the parietal epithelial cells. However, further colocalization studies with KLF6 and a known parietal epithelial cell marker need to be performed to validate our findings. Since there is a reduction in KLF6 expression with FSGS, further knockdown of Klf6 in HIV-1 transgenic mice may not yield a significant change in an already severely diseased phenotype. Consequently, we demonstrated that the restoration of KLF6 attenuated mitochondrial injury in the setting of ADR treatment. cytes and tubular cells (31, 32) , suggesting a common final pathway in podocyte injury leading to eventual podocyte loss and glomerulosclerosis in both HIVAN and ADR nephropathy. Combined, these findings suggest that KLF6, as with ADR nephropathy, may play a critical role in protecting podocytes from injury in HIVAN. Taken together, our results provide a potential mechanism for the transcriptional regulation of the intrinsic apoptotic pathway in podocytopathy. Our data suggest that KLF6 is a critical injury However, further studies are needed to determine whether overexpression of Klf6 protects against podocyte injury with HIV-1 transgene expression. Although, along with other investigators, we have highlighted that podocyte dedifferentiation is a hallmark in HIVAN (28, 29) , recent data suggest the potential role of parietal epithelial cell proliferation in podocyte injury (30) . The role of KLF6 in parietal cell proliferation remains to be explored. Nonetheless, mitochondrial injury does occur in HIV-1-infected podo- has been described (33) . Tg26 mice are in the FVB/N background. Mice generated from the same litter of Tg26 mice were used as controls in the studies. Genotyping by tail preparation and PCR were performed at 2 weeks of age as previously described (34) .
Genotyping of Podocin-Cre Klf6 fl/fl mice. Mice with Klf6-targeting
vector (C57BL/6) were generated using the targeting strategy as previously described (35) . Klf6 fl/fl mice (C57BL/6) were crossed with mice expressing Cre recombinase (cre) under the control of response gene in podocytes with a strong linkage to glomerulosclerosis. Further elucidation of the mechanism by which KLF6 regulates mitochondrial structure and function may uncover potential therapeutic targets in podocytopathy.
Methods
Genotyping of Tg26 mice. Derivation of a transgenic mouse line (Tg26 mice) that bears a defective HIV-1 provirus lacking gag-pol (Tg26) and we observed a significant increase in albuminuria at 5 weeks, we sacrificed the mice at this time point to determine the extent of glomerular injury and tubulointerstitial injury. Measurement of urine albumin and creatinine. Urine albumin was quantified by ELISA using a kit from Bethyl Laboratory Inc. Urine creatinine levels were measured in the same samples using the QuantiChrom Creatinine Assay Kit (DICT-500) (BioAssay Systems) according to the manufacturer's instructions. The urine albumin excretion rate was expressed as the ratio of albumin to creatinine.
Isolation of glomeruli from mice for RNA extraction. Mouse glomeruli were isolated as previously described (37) . Briefly, mice were perfused with HBSS containing 2.5 mg/ml iron oxide and 1% bovine serum albumin. At the end of perfusion, the kidneys were removed, decapsulated, minced into 1-mm 3 pieces, and digested in HBSS containing 1 mg/ml collagenase A and 100 U/ml deoxyribonuclease I. Digested tissue was then passed through a 100-micron cell strainer and collected by centrifugation. The pellet was resuspended in 2 ml HBSS, and glomeruli were collected using a magnet. The purity of the podocin promoter (B6.Cg-Tg [NPHS2-cre] 295Lbh/J; Jackson Laboratory). After backcrossing, male offspring expressing Cre with two floxed Klf6 alleles were used as the experimental group (Podocin-Cre Klf6 fl/fl ). Mice with two WT alleles and Cre expression were used as controls (Podocin-Cre Klf6 +/+ ). Genotyping by tail preparation and PCR were performed at 2 weeks of age as previously described (35 (10) . Urine was collected weekly to assess for albuminuria, and mice were sacrificed 5 weeks after treatment. As demonstrated by previous studies (36), at 2 weeks after ADR treatment, there is typically glomerular hypertrophy with hyaline droplets. At 4 weeks after ADR treatment, there is typically mesangial expansion, tubular vacuolization, and mild interstitial proliferation. Significant glomerulosclerosis and tubulointerstitial inflammation were not observed until week 6. Since our study was performed on a resistant mouse strain (C57BL/6) Infection of human podocytes with HIV-1 or control vector. HIV constructs have been described previously (39) . Briefly, HIV-1 gag/pol-deleted construct pNL4-3:d1443 was derived from the provirus pNL4-3. A fragment that contained the EGFP gene (from pEGFP-C1; Clontech Laboratories Inc.) was inserted at the SphI/MscI gag/pol deletion site. The HIV-1 gag/pol genes and the VSV-G envelope glycoprotein were provided in trans using pCMV R8.91 and pMD.G plasmids, respectively (gifts from Didier Trono, Salk Institute, La Jolla, California, USA). As a negative control, the virus was also produced from pHR-CMV-IRES2-GFP-ΔB, which contains the HIV-1 long-term repeat and EGFP. In all experiments, cells were grown at 37°C on type I collagen-coated dishes for 10 days to inactivate the temperaturesensitive T antigen and to allow for differentiation.
shRNA-mediated KLF6 knockdown using lentivirus. KLF6 knockdown in human podocytes was performed using an Expression Arrest GIPZ Lentiviral shRNAmir system (Thermo Scientific). Lentiviral particles were produced by transfecting 293T cells with a combination of lentiviral expression plasmid DNA, pCD/NL-BH ΔΔΔ packaging plasmid, and VSV-G-encoding pLTR-G plasmid. For cell infection, viral supernatants were supplemented with 8 μg/ml polybrene and incubated with cells for a 24-hour period. Cells expressing shRNA were selected with puromycin for 2 to 3 weeks prior to use in all studies. GFP expression and Western blot analysis were performed to confirm KLF6 knockdown. glomeruli was verified by microscopy. Total RNA was isolated from the kidney glomeruli of mice using TRIzol (Life Technologies).
Isolation of primary mouse podocytes. After glomerular isolation, primary mouse podocytes were isolated as previously described (38) . In brief, isolated glomeruli were initially cultured on collagen I-coated culture dishes in RPMI 1640 medium containing 10% fetal bovine serum (Cansera International) supplemented with 1% Insulin-Transferrin-Selenium-A liquid media supplement (Life Technologies) and 100 U/ml penicillin. Cultures were incubated at 37°C in a humidified incubator. Subculture of primary podocytes was performed after 5 days of culture of isolated glomeruli. Cellular outgrowths were detached with Trypsin-EDTA (Sigma-Aldrich) and passed through a 40-μm sieve to remove the remaining glomerular cores. The filtered cells were cultured on collagen I-coated dishes and processed for RNA or protein preparation.
Cell culture. Conditionally immortalized murine and human podocytes were gifts from Peter Mundel (Massachusetts General Hospital, Boston, Massachusetts, USA) and Moin Saleem (University of Bristol, Southmead Hospital, Bristol, United Kingdom). Methods for podocyte cultivation, immortalization, and differentiation were based on a previously described protocol (29) . These cells proliferate under permissive conditions (gamma interferon at 33°C), but differentiate under nonpermissive conditions (37°C). After incubation of chromatin with antibody-coupled Dynabeads, the beads were washed several times, and immunoprecipitated chromatin complexes were eluted from the beads. DNA-protein cross-links were reversed by incubation at 65°C for 6 hours, and then RNase A and proteinase K were added sequentially to remove RNA and proteins. Purified DNA was used for the analysis of the SCO2 proximal promoter region (−2 kb) by real-time PCR on an ABI PRISM 7900HT (Life Technologies) using SYBR GreenER qPCR Supermix. PCR primers for human SCO2 promoter region were derived from an available sequence (GenBank accession no. CAG30455.1), and the primers were designed using SABiosciences GPH1022775(−)02A and GPH1022775(+)01A. The relative amplification of the promoter sequence of each gene was calculated using the 2 −ΔΔCT method, and normalization was performed against the 1:100 diluted input of DNA.
Western blot analysis. Glomeruli were lysed with a buffer containing 1% Triton, a protease inhibitor cocktail, and tyrosine and serine-threonine phosphorylation inhibitors. Lysates were subjected to immunoblot analysis using rabbit anti-KLF6 (SC-7158; Santa Cruz Biotechnology Inc.), rabbit anti-β-actin (A1978; Sigma-Aldrich), rabbit anti-GAPDH (MAB374; Millipore), and rabbit anti-cleaved caspase-3 (9664S; Cell Signaling Technology).
Mitochondrial fragmentation studies. To visualize mitochondrial morphology, differentiated human podocytes were incubated with rosamine-based MitoTracker probe (Life Technologies) at 100 nM for 30 minutes. After the incubation period, cells were washed with PBS and fixed with 3.7% formaldehyde in growth medium. Mitochondrial fragmentation was quantified using a previously described method (41) . Briefly, mitochondrial morphology was categorized in each cell, by an investigator blinded to the experimental protocol, as tubular (>75% of mitochondria with tubular length >5 mm), intermediate (25%-75% of mitochondria with tubular length >5 mm), or fragmented (<25% of mitochondria with tubular length >5 mm).
Immunocytochemistry. Differentiated human podocytes were initially washed with PBS and subsequently fixed with 3.7% formaldehyde in growth medium. Cells were washed and permeabilized with 0.25% Triton X-100. Cells were blocked in 10% normal horse serum and incubated with primary antibody overnight (mouse anti-KLF6 [SC-365633; Santa Cruz Biotechnology Inc.]), rabbit anti-cleaved caspase-3 [9664S; Cell Signaling Technology], and mouse anti-cytochrome c [556432; BD Pharmingen]). On the next day, the cells were washed with PBS and incubated in secondary antibody in 10% normal horse serum (NHS). Subsequently, the cells were washed and incubated with Hoechst (Ana Spec Inc.) prior to mounting.
ATP quantification assay. ATP levels were determined in differentiated human podocytes with and without ADR treatment using a luciferase-based ATP Determination Kit (Life Technologies) according to the manufacturer's protocol. Briefly, differentiated human podocytes were grown in a 24-well plate. Cells were initially washed and subsequently treated with ATP-releasing agent (Sigma-Aldrich). There were 10 μl of cells in the ATP-releasing agent used to determine ATP levels, and the remainder was used to quantify protein levels using a Pierce BCA Protein Assay Kit (Thermo Scientific) with BSA as a standard.
shRNA-mediated SCO2 knockdown. SCO2 shRNA clone was purchased from Thermo Scientific, and shRNA-mediated SCO2 knockdown was achieved by transfecting human podocytes using Lipofectamine 3000 (Life Technologies). Cells expressing shRNA were selected with puromycin for 3 days prior to use in all studies. GFP expression and Western blot analysis were performed to confirm SCO2 knockdown.
LentiORF-KLF6 overexpression. LentiORF-KLF6 clone was purchased from Thermo Scientific, and transient KLF6 overexpression was achieved by transfecting human podocytes using Lipofectamine 3000 (Life Technologies). Cells expressing GFP were selected with blasticidin for 3 days prior to use in all studies. GFP expression and Western blot analysis were performed to confirm KLF6 overexpression.
ADR treatment of podocytes in culture. Human podocytes were differentiated for 14 days at 37°C prior to all experiments. Human podocytes were treated with 0.4 μg/ml ADR (Sigma-Aldrich) or a control vehicle for a period of 6-24 hours, at 6 hour intervals, as previously described (40) .
Real-time PCR. Total RNA was extracted by using TRIzol (GIBCO Life Technology). First-strand cDNA was prepared from total RNA (1.5 μg) using the SuperScript III First-Strand Synthesis Kit (Life Technologies), and cDNA (1 μl) was amplified in triplicate using SYBR GreenER qPCR Supermix on an ABI PRISM 7900HT (Applied Biosystems). Primers for human KLF5 (SABiosciences) human KLF4, KLF6, KLF7, KLF8, KLF9, KLF10, KLF11, KLF12, KLF13, KLF14, KLF15, and KLF16, mouse Klf6, mouse Nephrin, mouse Podocin, mouse Nrf1, mouse Polrmt, mouse Tfam, mouse mt-Co2 (mitochondrial encoded), mouse Cox8a, mouse Mpv17, and mouse Sco2 were designed using NCBI/Primer-BLAST and were validated for efficiency prior to application (Supplemental Table 1 ). Light cycler analysis software was used to determine crossing points using the second derivative method. Data were normalized to housekeeping genes (GAPDH) and presented as fold increase compared with RNA isolated from the control group using the 2 −ΔΔCT method.
Promoter analysis. Using TRANSFAC software (BIOBASE Biological Databases) (15), we scanned the promoters of all mouse genes in the region from −2,000 to +500 of the transcription start site with the KLF6 position weight matrix provided by the TRANSFAC system. Total counts for KLF6 binding sites for each gene were accumulated in a table and sorted by the number of identified sites.
ChIP. Prior to performing the ChIP, KLF6 was overexpressed in HEK 293 cells using the Precision LentiORF pLOC lentiviral vectors (Open Biosystems). HEK 293 cells were acquired from ATCC (catalog #CRL-1573). These are lentivirus-based vectors in which the open reading frame (ORF) for KLF6 has been cloned downstream of the CMV promoter and contain GFP as a reporter gene. A scrambled LentiORF-control was used as a negative control. HEK 293 cells were transfected with Lipofectamine 3000 (Life Technologies).
The ChIP assay was performed using a kit from Cell Signaling Technology according to the manufacturer's protocol. Briefly, 3 × 10 7 cultured HEK 293 cells were cross-linked with formaldehyde for 10 minutes, followed by the addition of 1:20 volume of 2.5 M glycine to quench unreacted formaldehyde. Cells were lysed using a series of non-SDS-containing buffers according to the manufacturer's protocol. Chromatin extracted from the lysed cells was sonicated using a Misonix Sonicator 3000 with Microtip to generate chromatin frag-jci.org Volume 125 Number 3 March 2015
and Mount Sinai School of Medicine under a protocol approved by its Institutional Review Board. Specimens were initially baked for 20 minutes at 55-60°C and were then processed as previously described (9) . Briefly formalin-fixed and paraffin-embedded sections were deparaffinized, and endogenous peroxidase was inactivated with H 2 O 2 . Sections were then blocked in 2% goat serum in PBS for 1 hour at room temperature and were then incubated with an anti-rabbit KLF6 antibody (SC-7158; Santa Cruz Biotechnology Inc.) at 4°C overnight. The next day, sections were washed three times with PBS and then incubated with secondary antibody for 30 minutes. Positive staining was revealed by peroxidase-labeled streptavidin and diaminobenzidine substrate. The control included a section stained with only secondary antibody.
Immunofluorescence. Kidney sections from these mice were prepared in identical fashion. Immunostaining was performed using rabbit anti-KLF6 (SC-7158; Santa Cruz Biotechnology Inc.) and mouse anti-WT1 antibodies (SC-7385; Santa Cruz Biotechnology Inc.). After washing, sections were incubated with a fluorophorelinked secondary antibody (Alexa Fluor 488-anti-rabbit IgG and Alexa Fluor 568-anti-mouse IgG; A10468, A10494; Life Technologies). After staining, slides were mounted in Aqua Poly/Mount (Polysciences Inc.) and photographed under an AxioVision IIe microscope with a digital camera. KLF6 staining in the podocytes was quantified as the ratio of KLF6 + WT1 + cells to WT1 + cells using ImageJ 1.26t software (NIH ImageJ; http://rsb.info.nih.gov/ij/). Using a similar strategy, immunostaining for SCO2 and staining for MT-CO2 and podocalyxin were performed using mouse anti-MT-CO2 (MitoSciences, MS405) and mouse anti-podocalyxin antibodies (AF1556; R&D Biosystems).
Statistics. Unpaired two-tailed t test was used to compare data between two groups and two-way ANOVA with Tukey's post-hoc test to compare data between more than two groups. Since we could not assume normality on some of the other data sets with smaller sample sizes, nonparametric statistical tests were performed using the Mann-Whitney U test to compare data between the two groups and the Kruskal-Wallis test with Dunn's post-hoc test to compare data between more than two groups. The exact test used for each experiment is noted in the figure legends. Data are expressed as mean ± SEM (X ± SEM). All experiments were repeated a minimum of three times, and representative experiments are shown. Statistical significance was considered when P < 0.05. All statistical analysis was performed using GraphPad Prism 5.0a.
Study approval. The Mount Sinai School of Medicine Animal Institute Committee approved all animal studies, and the NIH Guide for the Care and Use of Laboratory Animals was followed strictly. The Stony Brook University Institutional Review Board approved the use of archived, de-identified human biopsy specimens for immunostaining.
